The human homologue of fz1 (Hfz1) was cloned from a cDNA library. Hfz1 was shown to couple to Wnt signal transduction pathways by its ability to enhance Wnt induced TCF dependent transcription in both autocrine and paracrine modes. Enhanced TCF dependent signaling was dose dependent with respect to both Wnt-3A and Hfz1. Moreover, Hfz1 deletion mutants with truncated carboxy termini showed markedly reduced capacity to enhance Wnt signal transduction. Speci®city was demonstrated with respect to signal transduction by dierent Wnts. While Wnt-3a, -3, -1 and to a lesser extent Wnt-2 cooperated with Hfz1 in the paracrine assay for TCF dependent signaling, neither Wnt-4, -5a, -5b, -6, -7a nor -7b did so, despite similar levels of expression. However, coimmunoprecipitation of Hfz1 with both Wnt-3a and Wnt-5a indicated that TCF dependent signaling in response to Wnts is not determined solely by their ability to bind the receptor. All of these ®ndings provide strong evidence that Hfz1 is a functional partner for certain Wnts in inducing TCF dependent transcription.
Introduction
Wnts are secreted signaling molecules, which regulate a variety of developmental processes in vertebrates and invertebrates (reviewed in Wodarz and Nusse, 1998) . Genetic aberrations aecting components of the Wnt pathway have also been implicated in tumor formation. According to their transforming capability in mammalian cells and activity in Xenopus, the Wnt proteins have been grouped into two distinct functional classes: a transforming, axis duplicating`Wnt-1 class' which includes murine Wnt-1, Wnt-3a, Wnt-7a, and Xenopus XWnt-1, -3a, -8 and -8b, and a non-transforming`Wnt 5a class,' including XWnt-5a, -4 and -11 (Bradbury et al., 1994; Wong et al., 1994; Du et al., 1995; Torres et al., 1996 , Ba®co et al., 1998 Shimizu et al., 1997) .
The major signaling pathway of the transforming Wnt proteins involves activation of Dishevelled (Dsh), a cytoplasmic protein, which is translocated to the cell membrane, and suppresses the negative regulation of bcatenin by glycogen synthase kinase 3b(GSK-3b).
Phosphorylation and ubiquitin mediated degradation of b-catenin by GSK-3b are also dependent upon interactions with adenomatous polyposis coli (APC) (reviewed in Bullions and Levine, 1998) and other GSK-3b interacting proteins such as axin Kishida et al., 1998; Sakanaka et al., 1998) , axil , and conductin (Behrens et al., 1998) . Stabilization leads to an increase in uncomplexed b-catenin which binds to TCF/LEF transcription factors (reviewed in Bienz, 1998) , and activates the expression of target genes in the nucleus, such as c-myc (He et al., 1998) . Transcriptional activation of TCF target genes by Wnt induced accumulation of free bcatenin is thought to play a key role both in development and cellular transformation (reviewed in Willert and Nusse, 1998) . In fact, mutations in APC or b-catenin in colon carcinomas and melanomas correlate with constitutively active TCF/b-catenin complexes Morin et al., 1997; Rubinfeld et al., 1997) .
Recent evidence has implicated members of the frizzled family as Wnt receptors (reviewed in Wodarz and . In Drosophila, overexpression of Dfz2 conferred binding of Wg and increased intracellular levels of Armadillo, the Drosophila orthologue of b-catenin (Bhanot et al., 1996) . Dfz2 was also shown to act in the Wg signal transduction pathway during wing development (Cadigan et al., 1998; Zhang and Carthew, 1998) . In Xenopus embryos, rat fz1 (Rfz1) , and more recently, Xfz8 were reported to cooperate with XWnt-8 in inducing axis duplication (Deardor et al., 1998) . In addition, Hfz5 was shown to mediate XWnt-5a signaling (He et al., 1997) .
Although various components of Wnt signaling pathway have been identi®ed, the mechanisms of receptor activation through ligand binding and transmembrane signal transduction remain largely to be elucidated. To date, the lack of sensitive in vitro assays has hampered eorts to investigate Wnt/Fz interactions. In the present study, we cloned and sequenced human fz1 (Hfz1) and developed a rapid and sensitive paracrine assay, which enabled us to investigate the ability of various Wnts to signal through Hfz1.
Results

Cloning of human Hfz1
To isolate human frizzled 1 (Hfz1), we took advantage of the expressed sequence tag database (dbEST) and screened for human EST clones similar to the cloned rat Rfz1 gene. In order to minimize the probability of sequence errors that might exist in the EST cDNA clones, overlapping EST clones were identi®ed and used to design human speci®c primers. By a PCR based screening of the PC3 cDNA library, a 4.2 kb Hfz1 cDNA clone was identi®ed and sequenced (accession No. AF072872). The coding region of the 648 aa Hfz1 protein was 94 and 97% identical respectively with rat Rfz1 (accession No. L02529), and mouse Mfz1 (accession No. AF054623) (not shown). Similarity extended throughout the coding region, including the extracellular cysteine-rich domain (CRD), the linker, the seven transmembrane (TM) segments and the C-terminal intracellular domain. Least related was the N-terminal region upstream of the cysteine-rich domain (CRD), which encodes the putative signal peptide (Figure 1 ).
Enhancement of Wnt-induced TCF dependent signaling by Hfz1
Recent studies have indicated that the transforming Wnts induce increased free b-catenin levels, which correlated with the activation of TCF/LEF dependent transcription in suitable assay cells Shimizu et al., 1997; Korinek et al., 1998) . To investigate Hfz1 functional interaction with Wnts, we sought to establish a rapid, sensitive assay utilizing a TCF transcription reporter. We initially compared responses observed under autocrine conditions of coexpression of Hfz1 and a prototype transforming Wnt, Wnt-3a, with a paracrine assay involving co-cultivation of cells transfected with either gene. As shown in Figure 2a , Wnt-3a transfectants in the autocrine assay, exhibited an increase in TCF reporter activity over the level obtained with the mutated reporter plasmid, implying that Wnt-3a was able to signal via native receptor(s) to transduce a TCF-dependent response. However, when Wnt-3a and Hfz1 were co-expressed, luciferase activity increased by around sixfold ( Figure  2a) . These results strongly suggested that the cloned Hfz1 was capable of enhancing the signal induced by Wnt-3a.
Wnts generally remain tightly cell associated (Papko et al., 1990; Reichsman et al., 1996) , and there are reports that in some cells Wnts are retained within the ER (Burrus et al., 1995) . Thus, we utilized a paracrine assay to detect Wnt functional activity at the cell surface. When Wnt-3a expressing 293T cells were co-cultured with Hfz1 293T transfectants co-expressing TCF/Luciferase reporters, the response was even higher. TCF-dependent luciferase activity reached levels up to 40 ± 60-fold over those obtained when Wnt-3a transfectants were co-cultured with vector expressing target cells (Figure 2b) . A functional interaction between Hfz1 and Wnt-3a was also observed in COS 7 cells and AB589 human breast cells, under conditions in which Hfz1 transfected cells were co-cultured with Wnt-3a-293T transfectants (data not shown). The dramatic enhancement of Wnt-3a signaling by Hfz1 ®rmly implied their functional interaction. As shown in Figure 3a , in the cocultivation assay, luciferase levels proportionally increased with higher amounts of Hfz1 transfected DNA. Moreover, when Hfz1 expressing 293T cells Figure 1 Hydropathic pro®les of Hfz1 (upper panel) according to Kyte and Doolittle (1982) , and schematic presentation of wild type and C-terminal truncated mutants (lower panel). The nucleotide sequence of Hfz1 (accession No. AF072872) has been deposited in GenBank. The N-terminal domain which spans the signal peptide, the CRD, the linker (L), the seven transmembrane segments (TM) and the C-terminal cytoplasmic domain (CYT) are shown. Hfz1 (D114) lacked the 114 C-terminal amino acids comprising the cytoplasmic domain and additional 90 C-terminal amino acids of the TM domain. Hfz1 (D307) lacked the 307 Cterminal amino acids, retaining the CRD, the linker and 26 N-terminal amino acids of the TM region. Hfz1 (D327)-Flag retained the CRD and the linker domains
Functional interaction between Hfz1 and Wnts
A Gazit et al were co-cultured with cells transfected with increasing amounts of Wnt-3a, the magnitude of induced TCFdependent transcriptional activation was proportional to the level of Wnt-3a DNA ( Figure 3b ). The small increase in the TCF dependent response observed in vector transfectant target cells with Wnt-3a eector cells presumably re¯ects the presence of endogenous Hfzs. All of these ®ndings further established that Hfz1 cooperated with Wnt-3a in signaling through the TCF/ LEF pathway.
Carboxy-terminally truncated Hfz1 mutants fail to enhance Wnt dependent TCF response
We next generated two C-terminal truncated mutants and tested their capacity to transduce the Wnt-3a signal. As shown in Figure 1 , Hfz1 (D114) lacked the 114 C-terminal amino acids including the cytoplasmic tail and 90 C-terminal amino acids of the TM domain, while Hfz1 (D307) retained only the amino terminus, the CRD, the linker and 26 N-terminal amino acids of the TM region. When Wnt-3a or vector control 293T transfectants were co-cultured with 293T cells cotransfected with either of the two Hfz1 mutants and the TCF/Luc reporter plasmids, Wnt-3a signaling was drastically reduced to almost basal level ( Figure 4a ). The markedly reduced activity of the mutants was not the result of a lack of RNA expression ( Figure 4b ), although dierences in protein stability or transport to the cell surface cannot be excluded. These ®ndings implied that both mutants were severely disabled in their ability to cooperate with Wnt-3a in transducing the TCF-dependent signal. Possible mechanisms for the slightly increased activity of the mutants over the vector control are presently under investigation.
Speci®city of the Hfz1 signaling response
To explore the speci®city of Wnt/Hfz1 interactions, Hfz1 target transfectants were co-cultured with 293T cells transfected with dierent Wnts. There was a reproducible increase in the TCF dependent response when vector eector cells were cocultivated with target cells expressing Hfz1. These ®ndings presumably re¯ect the activity of endogenous Wnts expressed by these cells. However there was a marked enhancement of the TCF-dependent response with Wnt-3a, Wnt-3 and Wnt-1 and a lesser but signi®cant activation induced by Wnt-2 (Figure 5a ). Of note, several other Wnt proteins, including Wnt-7a, Wnt-7b, Wnt-6, Wnt-5b, Wnt-5a and Wnt-4 did not stimulate TCF-dependent luciferase activity in Hfz1 transfected target cells ( Figure 5a and data not shown). Immunoblotting analysis revealed no signi®cant dierences in the expression of any of these HA-tagged ligands ( Figure  5b and data not shown), thus con®rming that the dierences in Hfz1 responsiveness to the various Wnt proteins were not due to variability in their expression levels. These results implied that Wnt-3a, Wnt-3, and Wnt-1 and to a lesser extent Wnt-2, speci®cally interacted with Hfz1 to transduce a TCF-dependent signal response. Luciferase levels were measured, and data are presented as described above fold enhancement of TCF-dependent transcription. Our ®nding that Hfz1 mutants with carboxy-terminal deletions lacked the ability to enhance Wnt-3a dependent TCF transcription imply that the Hfz1 carboxy-terminal domain is required for ecient transduction of the Wnt signal.
We observed that only certain Wnts were capable of functionally interacting with Hfz1. There have been reports that certain cell types retain Wnt proteins in the ER (Burrus et al., 1995) . This cannot be the case with Wnts, including Wnt-3a, Wnt-3, Wnt-1, and to a lesser extent Wnt-2, which were expressed in a functional manner at the cell surface and induced a paracrine acting TCF dependent response in target cells. In the same assay, several weakly and nontransforming Wnts failed to signal through Hfz1 despite their similar levels of expression. These ®ndings provide evidence that only transforming Wnts have the capacity to utilize Hfz1 to transduce a TCF transcriptional response. In the case of Wnt-5a, we demonstrated Hfz1 binding activity in the paracrine assay, arguing that it achieved a cell surface location as well. Wnt-7a was initially reported to be a member of the highly transforming Wnt class (Wong et al., 1994) . However later studies indicated that it possessed only weak transforming ability (Shimizu et al., 1997) , and there is also recent evidence that it may signal through a pathway distinct from that of transforming Wnts (Kengaku et al., 1998) . The inability of Wnt-7a to detectably signal through Hfz1 is consistent with these Figure 6 Comparison of Wnt-3a and Wnt-5a binding to Hfz1. In the autocrine assay, 293T cells were co-transfected with Hfz1 (D327)-Flag, and either vector, Wnt-3a-HA or Wnt-5a-HA. In the paracrine assay, Hfz1 (D327)-Flag-transfectants were co-cultured with vector, Wnt-3a-HA, or Wnt-5a-HA transfectants. Cell lysates were analysed by immunoblotting with anti-HA antibody (a). The same cell lysates were immunoblotted with anti-Flag directly (b), or following immunoprecipitation with anti-HA antibody (c) latter ®ndings. Wnt-5a also failed to interact with Hfz1 to induce a TCF dependent response. These results are in accord with previous studies indicating that Wnt-5a synergizes with Rfz2 in a distinct signal cascade involving activation of phosphatidylinositol (PI) (Slusarski et al., 1997) . Thus, it is possible that in addition to Wnt-5a, other non TCF signaling Wnts may interact with Hfz1 but signal through other mechanisms. Recent studies in Drosophila have implied the existence of domains within Dsh, which may discriminate between distinct pathways activated by dierent Wnts/fzs interactions (Boutros et al., 1998) .
The ability of only certain Wnts to signal through Hfz1 observed by us is in contrast to the redundancy in Wnt binding demonstrated here and in previous studies (reviewed in Wodarz and . Thus, our data are consistent with the notion that the CRD of frizzleds is sucient for Wnt binding, but that binding alone does not confer functional speci®city. A distinction between ligand binding and receptor activation has been suggested previously also for the serpentine G-protein coupled receptors (GPCR) (Ji et al., 1998) , which are thought to be both structurally as well as evolutionarily related to the frizzled protein family (Barnes et al., 1998) . The availability of cloned Hfz1 and a highly sensitive paracrine tissue culture assay for analysis of Wnt/Hfz functional interaction, should make it possible to gain further insights into the mechanisms that govern functional speci®city for Wnt/ Hfz interaction.
While this manuscript was in preparation, Sagara et al. (1998) reported cloning of Hfz1 cDNA from a human fetal lung cDNA library. The reported sequence was identical to that of our clone. Hfz1 was mapped to human chromosome 7q21 and was shown to be expressed in several fetal and adult tissues. Moreover, it was shown to be highly expressed in some human tumor lines, including SW480 and HeLa, derived from colorectal and cervical cancers, respectively (Sagara et al., 1998) . Since Hfz1 speci®cally interacts with several of the highly transforming Wnts, further studies may elucidate whether its overexpression is relevant to cancer progression.
Materials and methods
Hfz1 cDNA cloning
An oligo-dT primed cDNA library prepared from the PC3 human prostate cancer cell line in pCEV29 (Miki and Aaronson, 1995) was screened for the human homologue of fz1 (Hfz1). To facilitate screening, we used a PCR based approach. The cDNA library was plated in 14-cm dishes, blotted onto ®lters, and phages were eluted in 3 ml of phage diluting buer (100 mM NaCl, 8 mM MgSO 4 , 50 mM TrisHCl, pH 7.5, and 0.1% gelatin). 200 ml of each plate eluate were pooled and 20 ml of the pool were heat denatured and used in a 100 ml PCR reaction (a 1 min denaturation step at 958C, a 1 min annealing step at 608C, and a 1 min DNA extension step at 728C, for 35 cycles), using speci®c Hfz1 primers. The speci®c Hfz1 (forward 5'-GCCCAT-GAGCCCGGACTTCAC-3' and reverse 5'-TCAGACTG-TAGTCTCCCCTTG-3') primers were designed according to sequence data of the human EST cDNA clones, AA010162 and W01830, which were 70 ± 90% related to Rfz1. PCR was performed on independent pools representing ®ve dishes, and then the dishes from each positive pool were further screened by PCR for positive clones. Positive dishes were lifted again, and the ®lters were hybridized with randomly primed 32 Plabeled speci®c PCR product as probe. Following isolation of positive plaques, PCR was performed using 10 ml of the eluted phage, and plaques that proved positive by PCR were puri®ed and sequenced.
Plasmid constructs
Hfz1(D114) was constructed by exonuclease digestion followed by blunting and self ligation. Hfz1(D307) was constructed by SnaBI and BstEII digestion (SnaBI is located at nt 1020 of the Hfz1 ORF, and BstEII is located in the vector polylinker), blunting and self ligation. Hfz1(D327)-Flag was constructed by amplifying the N-terminus of Hfz1 by PCR, in the presence of speci®c sense (5'-GGAAG-GATCCGAAAGTATGGCTGAGGAGGAGGCGCCT-3') and antisense (5'-GGAAGAATTCGCGCGAGAAGCG-CAGCTCCT-3') primers, and the PCR product was inserted into pcDNA3 in-frame upstream of the Flag epitope. Sequence analysis was performed to con®rm the authenticity of the PCR products. HA-tagged Wnt cDNA clones in pLNCX vector (Wnt-1, Wnt-2, Wnt-3, Wnt-3a, Wnt-4, Wnt5a, Wnt-5b, Wnt-6, Wnt-7a, Wnt-7b) under the control of the cytomegalovirus (CMV) enhancer/promoter elements, were previously reported (Shimizu et al., 1997) . TCF/Luc reporter constructs, wild type pGL3-OT and mutant pGL3-OF, were generously provided by B Vogelstein (John Hopkins Oncology Center, Baltimore, MD, USA).
Cell culture and transfection
293T cells were mantained in Dulbecco's modi®ed Eagle's medium (DMEM) supplemented with 10% fetal calf serum (FCS). Cells at 30 ± 40% con¯uence were transfected using 3 ml/mg DNA of FuGENE (Boehringer Mannheim Corp., USA), according to the manufacturer's instructions.
TCF reporter assays for Wnt signaling
Twenty-four hours prior to transfection, 293T cells were seeded at 3610 5 cells per well into six-well plates. For the autocrine assay, 30% con¯uent 293T target cells were cotransfected with equal amounts of pCEV29/Hfz1 or pCEV29 vector control (1 mg or as otherwise detailed), together with either pLNC/Wnt-HA or vector control (1 mg or otherwise detailed), wild type pGL3-OT or mutant pGL3-OF (1 mg) and a b-galactosidase expression vector (0.1 mg, Pharmacia). After 48 h, cells were lysed in 250 ml of lysis buer, and 20 ml aliquots were assayed for luciferase activity using the Promega Luciferase assay system or for b-gal activity using the Promega b-gal assay system.
To analyse Wnt signaling in a paracrine mode, 293T target cells in 6-well plates were co-transfected as detailed above with equal amounts of DNA, consisting of pCEV29/Hfz1 or pCEV29 empty vector (1 mg or as otherwise detailed), TCF luciferase reporters (1 mg) and b-Gal (0.1 mg). In all experiments, vector DNA was added to adjust for equal amounts of transfected DNA. Concomitantly, the eector 293T cells were seeded at 3610 6 cells in 9 cm-petri dishes, and transfected either with pLNC/Wnt-HA (5 mg, or as otherwise detailed), or empty vector as a control. Five hours following transfection, pLNC/Wnt-HA or vector 293T eector transfectants were trypsinized and seeded at a ratio of 2 ± 3-fold onto the target transfectants. After 48 h of cocultivation, cells were lysed and assayed for luciferase and bgal activity. Relative light units (RLU) were measured and normalized for transfection eciency using b-galactosidase activity. RLU were calculated by subtracting levels obtained with pGL3-OF from those obtained with pGL3-OT. Experimental variation between duplicate plates in the same assay was less than 5%. Experiment to experiment variability was greater, but relative results did not change.
Co-immunoprecipitation and immunoblot analysis
Cell monolayers were solubilized in lysing buer (0.01 M phosphate buer, 1% Triton, 0.5% sodium deoxycholate, 0.1% SDS, 0.1 M NaCl, 5 mM EGTA) with protease inhibitors (10 mg/ml aprotinin, 10 mg/ml leupeptin, 2 mM sodium vanadate, 2 mM phenyl methyl sulfonyl¯uoride), and cell extracts were clari®ed by centrifugation at 12 000 g for 20 min at 48C. Total cell lysates were subjected to 10% SDS ± PAGE directly or following immunoprecipitation with either anti-HA (Santa Cruz Biotechnology) or anti-FLAG M2 monoclonal antibodies (Sigma). Following electrotransfer to Immobilon membranes, immunoblotting analysis was performed with the speci®c primary antibody (anti-FLAG or anti-HA). After incubation with a secondary rabbit antimouse antibody, detection was performed with either 125 Ilabeled protein A or ECL (Amersham).
